The substantia nigra pars reticulata (SNr) and external globus pallidus (GPe) constitute the two major output targets of the rodent striatum. Both the SNr and GPe converge upon thalamic relay nuclei (directly or indirectly, respectively), and are traditionally modeled as functionally antagonistic relay inputs. However, recent anatomical and functional studies have identified unanticipated circuit connectivity in both the SNr and GPe, demonstrating their potential as far more than relay nuclei. In the present study, we employed simultaneous deep brain stimulation and functional magnetic resonance imaging (DBS-fMRI) with cerebral blood volume (CBV) measurements to functionally and unbiasedly map the circuit-and network level connectivity of the SNr and GPe. Sprague-Dawley rats were implanted with a custom-made MR-compatible stimulating electrode in the right SNr (n=6) or GPe (n=7). SNr-and GPe-DBS, conducted across a wide range of stimulation frequencies, revealed a number of surprising evoked responses, including unexpected CBV decreases within the striatum during DBS at either target, as well as GPe-DBS-evoked positive modulation of frontal cortex. Functional connectivity MRI revealed global modulation of neural networks during DBS at either target, sensitive to stimulation frequency and readily reversed following cessation of stimulation. This work thus contributes to a growing literature demonstrating extensive and unanticipated functional connectivity among basal ganglia nuclei.
Introduction
The striatum represents the major input nucleus of the basal ganglia, critical for the processing and regulation of motor, cognitive, and limbic functions. Striatal output pathways within the basal ganglia are classified as "direct" or "indirect", based on neurochemical phenotype and axonal projection patterns. Specifically, direct pathway striatal neurons express the D1 dopamine receptor and project to the substantia nigra pars reticulata (SNr) and/or internal globus pallidus (GPi) (i.e., the canonical basal ganglia outputs), whereas indirect pathway striatal neurons express the D2 dopamine receptor and innervate the external globus pallidus (GPe). Both the direct and indirect pathways ultimately converge upon thalamocortical relays, through direct innervation of the basal ganglia outputs (SNr/GPi), or a polysynaptic route (GPe-> STN), respectively. According to longupheld models of the basal ganglia, these pathways are functionally antagonistic; the direct pathway activates thalamocortical circuits, whereas the indirect pathway facilitates their suppression (via disinhibition of the SNr/GPi) (Albin et al., 1989; DeLong, 1990) .
In recent years, this relatively simplistic framework of direct/ indirect pathway function has come under increasing scrutiny (Calabresi et al., 2014; Cui et al., 2013; Friend and Kravitz, 2014; Gittis et al., 2014; Goldberg et al., 2013; Jahfari et al., 2011; Tecuapetla et al., 2014) . Although evidence continues to support the notion of functional antagonism between these pathways (Freeze et al., 2013; Kravitz et al., 2010; Schmidt et al., 2013) , additional anatomical and functional studies have identified unanticipated circuit connectivity in both the SNr and GPe (among other basal ganglia nuclei). Recent examples in the GPe include the identification of a pallidocortical projection that entirely bypasses thalamic relays to modulate frontal cortex (Chen et al., 2015; Saunders et al., 2015) , as well as pallidostriatal innervation by so-called "arkypallidal" GPe neurons (Abdi et al., 2015; Mallet et al., 2012) . The SNr, generally conceptualized as an inhibitory nucleus, contains a subset of glutamatergic neurons recently mapped to innervate and excite the reticular thalamus, a higher-order non-relay region (Dunn et al., 2009 ). The functional roles of these novel circuit elements are likely complex and not easily predicted. Experimental approaches that allow for the large-scale characterization of functional circuit connections will greatly facilitate our understanding of SNr and GPe connectivity, further elucidating the functional roles of both traditional and newly-established circuits.
Functional magnetic resonance imaging (fMRI) represents a powerful tool to study neural circuit modulation on a global scale. When combined with neural stimulation approaches (e.g., deep brain stimulation; DBS), fMRI allows for the relatively unbiased identification of brain areas functionally interconnected with the stimulation target Canals et al., 2009; Dunn et al., 2009; Knight et al., 2013; Lai et al., 2014; Lee et al., 2010; Ross et al., 2016; Shih et al., 2014b; Shyu et al., 2004; Younce et al., 2014) . Electrical DBS is notable as a neural stimulation method for its ability to modulate activity within both inputs and outputs of the target nucleus (the former through antidromic signal propagation), although it does lack cell-type specificity and is also capable of affecting fibers of passage (Kringelbach et al., 2007) . In addition to identifying putatively connected areas, DBS-fMRI might also shed light on their functional excitatory and/or inhibitory relationships (based on whether the hemodynamic change is positive or negative). Importantly, both the recruitment of select circuits, as well as the directionality of their fMRI responses, may be strongly contingent upon stimulation frequency. For example, low frequency (10 Hz) electrical stimulation of the ventrolateral thalamus in pigs generated a positive blood-oxygen-leveldependent (BOLD) response in motor cortex, whereas high frequency (130 Hz) stimulation evoked a negative BOLD response in the same region (Paek et al., 2015) . Thus, in varying stimulation parameters, DBS-fMRI can shed light on the tuning properties of functionally connected circuits. To our knowledge, neither the SNr nor GPe have previously been studied by DBS-fMRI in humans or animal models, including analyses of stimulation frequency-dependent DBS responses.
In the present study, we employed simultaneous DBS-fMRI in the normal rat to map the functional circuits of the SNr and GPe. These areas represent the major striatal output nuclei of the rat direct and indirect pathways, respectively. Evoked-fMRI revealed cerebral blood volume (CBV) modulation by GPe-or SNr-DBS (conducted at a range of stimulation frequencies) in a diverse complement of both overlapping and distinct brain regions, including convergent and unexpected CBV decreases within striatum, and GPe-DBS-evoked positive modulation of frontal cortex. Functional connectivity, measured with functional connectivity fMRI (fcMRI) (Pawela et al., 2008; Raichle, 2011) , was significantly modulated by DBS at either target during high (130 Hz) but not lower frequency (40 Hz) stimulation, occurred preferentially in the ipsilateral hemisphere, and was readily reversed following cessation of stimulation.
Materials and methods

1. Subjects
Thirteen adult male Sprague-Dawley rats (300-500 g body weight; Charles River Laboratories, Wilmington, MA, USA) were used in this study. All procedures were performed in accordance with the National Institutes of Health Guidelines for Animal Research (Guide for the Care and Use of Laboratory Animals) and approved by the University of North Carolina Institutional Animal Care and Use Committee. Animals were housed under environmentally-controlled conditions (12 h normal light/dark cycles, 20-23°C and 40-60% relative humidity), with food and water provided ad libitum.
DBS electrode implantation surgery
Rats were anesthetized using nosecone-supplied isoflurane (1.5-2%), and head-fixed within a stereotaxic frame (Model 962, Kopf Instruments, Tujunga, CA, USA). Following head shaving and exposure of the skull, four small burr holes were drilled: three for the positioning of MR-compatible miniature brass screws (Item #94070A031, McMaster Carr, Atlanta, GA, USA) and one for the insertion of a bipolar DBS electrode. Each electrode was custom-made using twochannel tungsten microelectrodes (A-M Systems, WA, U.S.A.), with a 50 μm diameter (single lead), as previously described (Lai et al., 2015) . These electrodes were fully insulated with polyimide except at the tips, and the leads were adhered for direct contact using a saturated sucrose solution. The in vitro impedance of these electrodes was previously measured as 18-22 kΩ at 1 kHz (Lai et al., 2015) .
Electrodes were implanted targeting either the right SNr or GPe (n=6 and 7, respectively). Stereotactic implantation coordinates were generated using a standard rat brain atlas (Paxinos and Watson, 2004) , and are described as follows, in reference to bregma (anteroposterior, AP; mediolateral, ML) and cortical surface (dorsoventral, DV): SNr (AP −5.5 mm, ML +2.2 mm, DV −7.7 mm); GPe (AP −0.96 mm, ML +2.8 mm, DV −5.8 mm). Following electrode implantation, the placement was sealed using dental acrylic and the wound site was further protected with surgical sutures. A post-surgical recovery period of at least 24 h was given prior to fMRI acquisition for each subject.
3. Functional MRI
The DBS-fMRI experimental protocol is illustrated in Supplemental  Fig. S1 . In preparation for fMRI procedures, rats were endotracheally intubated and mechanically ventilated using a small animal ventilator (CWE Inc., SAR-830/PA, Ardmore, PA). Anesthesia was initially maintained under constant isoflurane (1.5-2%) mixed with medical air. Tail vein catheterization was then performed for intravenous drug and contrast agent injections. Immediately following intubation and tail vein catheterization, animals were placed within a head-holder, and harnessed to a small animal cradle (both plastic and custom-made). The cradle was lined with a circulating water blanket connected to a temperature-adjustable water bath located outside the scanner room (Thermo Scientific, Waltham, MA). A rectal probe was used and core body temperature was maintained at 37 ± 0.5°C. Mechanical ventilation volume and rate were adjusted to maintain EtCO 2 of 2.8-3.2% and SpO 2 above 96%, using capnometry (Surgivet, Smith Medical, Waukesha, WI) and pulse oximetry (MouseOx Plus, STARR Life Science Corp., Oakmont, PA). EtCO 2 values from the capnometry system were previously calibrated against invasive sampling of arterial blood gas, reflecting a pCO 2 level of 30-40 mmHg (Shih et al., 2012 (Shih et al., , 2013 .
MR images were acquired on a 9.4T Bruker BioSpec system with a BGA-9S gradient insert (Bruker Corp., Billerica, MA). A homemade single-loop surface coil with an internal diameter of 1.6 cm, placed directly over the head, was used as a transceiver. Toothpaste was applied within the open coil loop to minimize MR susceptibility artifacts at the air-tissue interface. Magnetic field homogeneity was optimized first by global shim and followed by local first-order shims, and when necessary, local second-order shims using the FASTMAP protocol.
For anatomical referencing, a T 2 -weighted RARE pilot image was taken in the mid-sagittal plane to localize the anterior commissure; this structure is located at approximately 0.8 mm posterior to the bregma and served as a reference for anteroposterior slice positioning in subsequent anatomical and functional scans. T 2 -weighted anatomical images were obtained using a RARE sequence (scan parameters: TR=2500 ms, TE=33 ms, RARE factor=8, slice thickness=1 mm, matrix size=256×256, FOV=2.56×2.56 cm 2 ). Twelve axial slices were acquired, with the 5th slice from the anterior direction aligned with the anterior commissure (as acquired in the previous T 2 -weighted pilot scan). The reduced electrode artifact, together with standardized slice positioning, rendered these images sufficient to localize the electrode tip placement, as previously described (Lai et al., 2015 (Lai et al., , 2014 . These methods are identical to our previous work (Albaugh et al., 2016) .
Following setup processes and immediately prior to CBV fMRI scan acquisition, rats were administered a monocrystalline iron oxide contrast agent (Feraheme; 30 mg Fe/kg, i.v.) . Feraheme-based CBV measurements provide a well-established fMRI tool with a higher signal-to-noise ratio than traditional BOLD contrast imaging (Keilholz et al., 2006; Kim et al., 2013b; Silva et al., 2007; Wu et al., 2003; Zhao et al., 2009 ).
Subsequently, anesthesia was switched to dexmedetomidine (dexdomitor; 0.05 mg/kg/hr, i.v.) cocktailed with the paralytic agent pancuronium bromide (0.5 mg/kg/hr, i.v.). This cocktail was administered for the remaining scan duration, continuously supplemented by 0.5% isoflurane (Fukuda et al., 2013) .
CBV fMRI scans were acquired using a multi-slice single-shot gradient echo echo-planar imaging sequence (GE-EPI) (scan parameters: TR=1000 ms, TE=8.107 ms, slice thickness=1 mm, matrix size=80×80 (reconstructed to 128×128), FOV=2.56×2.56 cm 2 and voxel size=0.32×0.32×1 mm 3 ). Image slice geometry was imported from the previously acquired T 2 -weighted anatomical image (12 slices).
4. Deep Brain Stimulation (DBS)
Simultaneous DBS with CBV fMRI was acquired in the same manner for all subjects, with bipolar and uniformly-distributed unilateral stimulation of the SNr or GPe. Each stimulation period consisted of a series of TTL-triggered biphasic, charge-balanced square-wave pulses with a pulse width of 500 μs and a stimulation intensity of 300 μA. A 90 s block design paradigm was implemented, consisting of a 20 s baseline period (stimulation OFF) followed by 10 s of stimulation ON, and an additional 60 s of rest (stimulation OFF). An additional rest period of at least two minutes was given between each DBS scan to allow for recovery. Stimulation frequencies (10, 40, 70, 130, 200 and 400 Hz) were varied in a pseudo-randomized order, and each DBS frequency scan was repeated 5-times per rat for withinsubject/session averaging (see Section 2.5). The application of a fixed DBS pulse width, as used in this study, results in greater total charge delivery with higher stimulation frequencies. However, this approach also removes the confounds associated with scaled pulse widths (Shih et al., 2014 (Brain Stimulation) ; Lai et al., 2014 (Neuroimage) ) (used to control for charge density changes at varying stimulation frequencies), wherein different pulse widths may preferentially modulate varying neuronal elements (i.e., fibers and somata) (Kringelbach et al., 2007) .
Immediately following evoked-fMRI scan acquisition, fcMRI scans were conducted in each subject. These scan series consisted of five, 5 min scans during which either no stimulation or continuous DBS was applied (OFF and ON, respectively; ON consisted of stimulation of 300 μA, 500 μs pulse width, varied frequency). The fcMRI scans were conducted in succession without rest periods in the following order: Rest 1 , Stim 40 Hz, Rest 2 , Stim 130 Hz, and Rest 3 .
5. Evoked-fMRI data processing and statistical analyses
Preprocessing and image analysis was performed using SPM codes and custom-written Matlab (MathWorks Inc., Natick, MA). EvokedfMRI datasets were first grouped by subject and DBS frequency, and realigned to the first volume of a well-positioned subject using a least squares approach and a 6 parameter rigid body spatial transformation.
Skull-stripping was next employed using a semi-automatic threshold method with manual masking, followed by image coregistration to an anatomical MRI rat atlas (Valdes-Hernandez et al., 2011) . One SNr-DBS subject was excluded for evoked-fMRI analysis after image quality control.
Functional response maps for averaged SNr-or GPe-DBS datasets were generated using the general linear model (GLM), with reference to baseline (volumes 1-20) and incorporating a hemodynamic delay of 5 volumes, similar to our previous DBS-fMRI studies (Lai et al., 2015 (Lai et al., , 2014 Younce et al., 2014) . A Bonferroni correction was applied to adjust for the multiple comparisons of fMRI maps by the number of brain voxels (corrected p < 0.05 for positive and negative responses). All images were smoothed by applying a mean filter with a 3×3 kernel, and overlaid on an anatomical atlas for visualization (ValdesHernandez et al., 2011) .
For temporal analysis of DBS-evoked CBV changes, 3-dimensional regions of interest (ROIs) were defined a priori according to anatomical structural boundaries (Paxinos and Watson, 2004; Valdes-Hernandez et al., 2011) , and applied onto the coregistered data. The ROIs were chosen according to the anatomical areas showing statistically significant modulation in the functional response maps. Nineteen ROIs were identified for analysis, all ipsilateral to the DBS target unless otherwise noted: cingulate cortex, dorsolateral striatum (ipsi-and contralateral), dorsomedial striatum (ipsi-and contralateral), GPe, infralimbic cortex, motor cortex, nucleus accumbens, orbitofrontal cortex, pedunculopontine tegmental nucleus, posterior hypothalamus, prelimbic cortex, SNr, somatosensory cortex, superior colliculus, ventral tegmental area, ventrolateral thalamus, and zona incerta (see Supplemental Fig. S2 ). The baseline ΔR 2 * value was calculated as follows: Baseline ΔR 2 *=−1/TE ln(S prestim /S 0 ), where S prestim and S 0 represents MR signal intensity before each stimulation session (i.e., after Feraheme) and before Feraheme injection. Stimulus evoked ΔR 2 * values were calculated as follows: Stimulus evoked ΔR 2 *=−1/TE ln(S stim /S prestim ), where S stim and S prestim are the MR signal intensities during and before stimulation, respectively. Cerebral blood volume changes were calculated by dividing stimulus-evoked ΔR 2 * by baseline ΔR 2 * values; because S prestim is used, this corrects for potential baseline drift and/or Feraheme washout. For each ROI, the CBV signal timecourse was plotted across all 90 volumes.
DBS-evoked changes in CBV amplitude were also compared across stimulation frequencies and ROIs. Stimulus-evoked CBV responses were averaged across the stimulation period for each DBS frequency and ROI. These data are presented as mean ± SEM. Statistical comparisons of DBS frequency effects on ΔCBV for each ROI were conducted using Graphpad Prism software (San Diego, CA). Two-tailed, one-way repeated measures ANOVA (rANOVA) tests with Tukey post-hoc analyses were conducted to evaluate frequency-dependent responses. Significance level was set at p < 0.05.
6. fcMRI data processing and statistical analyses
Functional connectivity MRI datasets were preprocessed using the Analysis of Functional NeuroImages software suite (AFNI v2011-12-21-1014). The workflow included discarding the first 20 volumes, slicetiming correction, motion correction, alignment to a pre-existing highresolution T 2 -weighted template, spatial smoothing (Gaussian kernel FWHM=1.5 mm), band-pass filtering (0.001-0.5 Hz), and regression of whole brain signal and the six motion parameters. The number of volumes discarded was increased from the traditional number (approximately 3-10) in order to ensure DBS-related changes from the initial stimulation were minimized. Furthermore, warping in the alignment procedure was limited to shifts and rotations to avoid unnecessary shearing and scaling of brain regions with signal dropout associated with the DBS electrode. fcMRI analyses were conducted using the temporal correlation method. Fisher-Z transformed correlation matrices were generated using the average functional time series extracted for each region-of-interest (ROI) in the template atlas. Ipsilateral and contralateral hemispheres ROIs were analyzed separately yielding correlation matrices detailing mean within and between hemisphere connectivity (SNr: n=6, GPe: n=7). Individual connections were further evaluated across animals using repeated measures ANOVA models and categorized based on direction of effect. For each significant pairwise connection (rANOVA, p < 0.01) a basic correlation analysis was carried using a tent function and the resulting sign was used to categorize connections as either enhanced (increased correlation) or suppressed (increased anti-correlation). Each set of significantly modulated connections (enhanced or suppressed) was then reanalyzed using post-hoc ANOVAs in order to test the overall effect of condition: Rest 1-3 , 40 Hz, and 130 Hz. Pair-wise connections with weak modulation.
(|ΔZ-corr.| < 0.10) were ignored. Significant main-effects were followed by pair-wise comparisons to test for significant differences between conditions. Furthermore, in order to assess the potential contribution of global signal regression (GSR), these analyses were repeated using data without GSR. The global signal across conditions and animals was also compared. Specifically, we calculated the pairwise Fisher's Z-correlation of the global signal across stimulation conditions (Rest 1-3 , 40 Hz, and 130 Hz) and animals resulting in 10 pairs per animal. These values were then analyzed using repeated measures ANOVA to determine if there was an overall effect, i.e. a difference in the temporal correlation, which would suggest that one or more of the global signals vary as a function of condition. Finally, connections were grouped based on network classifications (sensorimotor, executive, limbic, and between network connections).
Results
The setup for the surface coil and implanted tungsten microwire is shown in Fig. 1A . Electrode tip placements within the SNr and GPe were verified for each subject using T 2 -weighted RARE anatomical images using methods described previously (Lai et al., 2015 (Lai et al., , 2014 Younce et al., 2014) (Fig. 1B-C) . Animals with electrode placements outside of the target regions were discarded from the study and excluded from all further experimental analyses. They were not included in the final subject numbers.
1. Evoked fMRI
Both SNr-and GPe-DBS produced significant and frequencydependent CBV responses in several brain structures both within and outside the basal ganglia (Functional response maps: 10 Hz DBS at either target produced no significantly modulated voxels, including within the electrode target region (see Supplemental Figs. S4 and S5). In contrast, significant and extensive CBV modulation was noted at all other frequencies tested (40-400 Hz). The spatial pattern of CBV modulation was qualitatively similar across stimulation frequencies, and in some respects also similar between SNr and GPe stimulation targets. For example, both GPe-and SNr-DBS resulted in CBV changes predominantly ipsilateral to the stimulation site, with the exception of the dorsal striatum, which was bilaterally modulated by DBS at either target. SNr-DBS produced negative CBV changes bilaterally in striatum, whereas GPe-DBS produced a pattern of positive and negative CBV changes in the ipsi-and contralateral dorsal striatum, respectively. Also of note, a "double peak" of CBV modulation was a characteristic response to DBS in certain regions, including the ipsilateral somatosensory cortex (both DBS targets), and dorsal striatum (SNr-DBS) (Figs. 3 and 4) , possibly due to the recruitment of two distinct circuitries or a delayed neurotransmission effect. Future work is necessary to confirm the neuronal mechanism(s) underlying this double-peak response.
SNr-DBS (40-400 Hz) evoked positive CBV changes in multiple basal ganglia nuclei (GPe, substantia nigra), as well as additional areas intimately tied to the basal ganglia (pedunculopontine tegmental nucleus, zona incerta, ventral tegmental area) (see Fig. 3 and Supplemental Fig. S6 ). Of all regions examined, the substantia nigra showed the largest CBV changes (nearly 30% CBV increases at 200 or 400 Hz DBS). In stark contrast to GPe-DBS, frontal and prefrontal cortical modulation by SNr-DBS was relatively sparse; functional activation maps revealed spatially restricted vasodilation (e.g., in cingulate cortex), as well as contralateral vasoconstriction in prefrontal cortex (most apparent at 130 Hz). However, a closer examination of this data by means of CBV traces revealed that many of these areas (e.g., motor, somatosensory, prelimbic cortices) were likely positively modulated by 200 Hz SNr-DBS, albeit with a long delay (and thus not detected with our functional activation maps). Also of note, the superior colliculus, which receives direct innervation from the SNr (Deniau et al., 2007; Kaneda et al., 2008) , had little to no detectable CBV changes during SNr-DBS.
During GPe-DBS (40-400 Hz), robust CBV increases were observed in ipsilateral frontal and prefrontal cortices, including cingulate, motor, prelimbic, infralimbic, and orbitofrontal cortices. A wealth of subcortical areas also showed positive CBV responses, including the substantia nigra, nucleus accumbens, ventral tegmental area, zona incerta, and others (see Fig. 4 and Supplemental Fig. S7 ). Of all regions examined, peak CBV responses to GPe-DBS were strongest in orbitofrontal cortex, reaching nearly 30% CBV increases with 400 Hz stimulation.
Lastly, to determine the frequency-dependency of DBS responses at both targets, the amplitude of CBV responses was quantified for a subset of ROIs: GPe, substantia nigra, dorsolateral striatum (ipsi-and and GPe (C) of all experimental subjects. Tip placements were estimated using T 2 -weighted anatomical scans, which we deemed satisfactory given the relatively large size (including anteroposterior distance) of our targets, as well as the minimal electrode artifact.
contralateral, somatosensory cortex, posterior hypothalamus (SNr-DBS only), and prelimbic cortex (GPe-DBS only) (Figs. 3 and 4) . These amplitude measures correspond to the mean CBV changes during the stimulation epoch for each DBS frequency (see Methods); because of differences in the characteristic trace dynamics for each ROI (e.g., hemodynamic delays), the calculated values are best compared across frequencies but not across ROI's. A main effect of DBS frequency was found for each ROI analyzed (p < 0.05), and post-hoc testing revealed that 10 Hz DBS drove CBV amplitude changes that often significantly differed from other frequencies. However, as suggested by the CBV traces, the influence of stimulation frequency on CBV responses was inconsistent across ROIs. For example, CBV amplitudes for some ROIs scaled positively with DBS frequency (e.g., the GPe during SNr-DBS), whereas peak amplitudes occurred at frequencies below 400 Hz for other ROIs (e.g., prelimbic and somatosensory cortices during SNr-DBS) (see Figs. 3 and S6 ).
fcMRI
Complementing our evoked-fMRI findings, fcMRI measurements revealed global and frequency-dependent modulation by DBS at both targets. Mean correlation matrices were generated for each stimulus condition (Rest 1 , Stim 40 Hz, Rest 2 , Stim 130 Hz, and Rest 3 ) and DBS target (SNr and GPe); Fig. 5A . The cross-correlational matrices, displaying functional connectivity strength between 90 discrete brain regions (45 per hemisphere), revealed modulation that appeared specific to the 130 Hz DBS condition, including both enhancements (increased correlation) and suppressions (increased anti-correlation) of connectivity. This modulation of fcMRI signals appeared moderately reversible, as the post 130 Hz stimulation "rest" scan (conducted immediately following the 130 Hz DBS fcMRI scan), was qualitatively similar to prior non-stimulation scans. Functional connectivity modulation by 40 Hz DBS was less apparent at both targets. Significant individual fcMRI connections were computed (rANOVA, p < 0.01 uncorrected, ΔZ-Corr > 0.10) and categorized according to modulation direction; Supplemental Tables S1 (SNr) and S2 (GPe). Post-hoc comparison of the significantly modulated connections confirmed the qualitative observations; Fig. 5B . For both DBS targets (SNr and GPe) and modulation directions (Enhanced and Suppressed) there was a significant main-effect of condition (ANOVA p < 0.001); SNr: F E (4,165) =25.13 and F S (4,75)=11.79; GPe: F E (4,190)=24.39 and F S (4,190) =26.49. Further post-hoc pair-wise comparisons between conditions revealed 130 Hz stimulation specificity; i.e. 130 Hz was significantly different from all rest conditions and 40 Hz stimulation, p < 0.001. Furthermore, no statistical differences were detected between any other conditions, including Rest 3 , suggesting the stimulation effect was indeed reversible. Several connections showed more robust modulation (Fig. 6 , and see Supplemental Tables S1-S2: |ΔZ-Corr| > 0.20). Here, we focus on describing the enhanced connections given the potential confound of global signal regression (see next paragraph). Specifically, SNr-DBS produced several ipsilateral enhancements: VTA (#15)↔Insula (#5), pHyp (#28)↔Insula (#5), STN (#31)↔GPe (#21), ZI (#39)↔GPe (#21), ZI (#39)↔GPe (#STN). Only one connection demonstrated robust enhancement in the contralateral hemisphere: SNr-DBS, dHipp (#85)↔Somato (#77). Similarly, GPe-DBS produced robust ipsilateral enhancement for the following connections; Motor (#22)↔Insula (#5), ZI (#39)↔Insula (#5), VC (#38)↔AC (#16), and ZI (#39)↔Motor (#22).
In order to assess the sensitivity of the observed enhancements/ suppressions to GSR, we re-capitulated the post-hoc comparisons of the previously defined modulated connections using pre-processed data without GSR. The main-effect of condition for both DBS targets was maintained for enhanced but not for suppressed connections (see Supplemental Fig. S9) ; SNr: F E (4,165)=6.81, p < 0.001 and F S (4,75) =0.92, p=0.460; GPe: F E (4,190)=5.71, p < 0.001 and F S (4,190)=1.85, p=0.121. Some trends were still evident for the suppressed connections however all conditions and groupings exhibited substantial shifts towards more positive values. Moreover, 130 Hz specificities were maintained for the enhanced connections; SNr p≤0.016, GPe≤0.006. Finally, we further evaluated the similarity (cross-correlation) of the global signal (GS) across conditions. The main-effect of condition was insignificant for both DBS targets suggesting there was a high degree of similarity in the GS regardless of condition (rANOVA); SNr: F(9,45) =1.63, p=0.134; GPe: F(9,54)=0.85, p=0.572.
Next, significant modulations were considered in the context of functional network groupings: Sensorimotor, Executive, Limbic, and Between network connections. Categorical listing for each brain region are provided in the supporting material; Supplemental Tables S1-S2. Between network connections reflect connections that crossed functional category (e.g., between sensorimotor and limbic regions). Of connections meeting significance criteria, a larger proportion of enhancements were observed for the SNr: 34 enhanced, 16 suppressed. Enhancement and suppression were equivalent for GPe stimulation; 39 enhanced and suppressed. In terms of overall network modulation, most DBS-sensitive connections fell within the Between network category (SNr: 33; GPe, 48) followed by the Sensorimotor, Limbic, Executive networks, respectively. Finally, many of the robust modulations either localized to the Sensorimotor network, or involved sensorimotor regions.
Discussion
The present study was undertaken to map the functional circuit and network connectivity of the SNr and GPe, using an unbiased DBS-fMRI approach. This work was motivated by a number of recent studies demonstrating unanticipated anatomical and functional connectivity among these regions (reviewed in Introduction), which have diverse roles in motor control, cognition, and emotional processing. We employed a large range of target stimulation frequencies to identify circuit and network connections that may be selectively modulated at specific frequency ranges, both to better understand inherent circuit/ network properties, as well as for the relevance of such comparisons for therapeutic DBS applied at these targets. Broadly, although both the SNr and GPe have traditionally been classified as simple relay nuclei, our DBS results reveal extensive functional circuit and network interconnectivity, consistent with substantial "extra-relay" processing power. Below, we highlight the major findings and limitations of this work.
1. Frequency-dependency of evoked DBS responses
The usage of multiple stimulation frequencies in DBS-fMRI studies allows for the characterization of frequency tuning in neural circuits (Canals et al., 2008; Krautwald and Angenstein, 2012; Lai et al., 2015 Lai et al., , 2014 Paek et al., 2015; Shih et al., 2014b) . The demonstration of DBS frequency-sensitive fMRI signals Is likely due to both passive and active electrical membrane properties, including voltage-sensitive ion channel complements and their associated channel refractory periods (Kringelbach et al., 2007) . 10 Hz stimulation of either the SNr or GPe did not result in any detectable fMRI signal changes (likely reflecting neuronal activity changes subthreshold for fMRI signal detection in our setup), while the stimulation frequency that evoked the largest CBV responses varied considerably by region. Perhaps the most compelling example of frequency selective circuit modulation in the present study occurred with 200 Hz SNr-DBS. At both lower and higher frequencies (40-130, 400 Hz), prefrontal and frontal cortical regions (e.g., infralimbic, motor, cingulate cortices) responded to SNr-DBS with CBV increases that were modest and time-locked to the stimulation period. However, these brain regions responded to 200 Hz stimulation with CBV increases that were much larger than at other frequencies, and peaked with a long delay (in certain case, after the cessation of stimulation). The reasoning behind such remarkably frequency selectivity in these responses, with highly unique temporal characteristics (in relation to the stimulation period), is an interesting area for future study. Finally, the inclusion of very high stimulation frequencies in the present study (e.g., 130 Hz) is notable in the context of therapeutic DBS (see Section 4.5).
2. Striatal and Thalamic CBV modulation by SNr-and GPe-DBS
Both the GPe-and SNr are downstream targets of the striatum, receiving GABAergic input through the so-called indirect and direct pathways, respectively. Although striatal activity changes may thus be anticipated during either GPe-or SNr-DBS, our demonstration of striatal modulation by DBS at each target is of remarkable interest for several reasons. First, although the basal ganglia are frequently modeled as intrahemispheric systems, we observed pronounced bilaterality in striatal modulation by GPe-or SNr-DBS. Irrespective of whether this modulation occurs through feedforward thalamo-corticostriatal loops, antidromic recruitment of striatal fibers, or other means, our results contribute to a growing body of literature demonstrating bilateral functional connectivity within the basal ganglia system (Brun et al., 2012; Fox et al., 2016; Liu and Basso, 2008; Min et al., 2012; Novak et al., 2009) . Of further interest is the directionality of this striatal hemodynamic response; prominent CBV decreases were noted within the dorsal striatum during DBS of either the SNr or GPe, and occurred across a wide range of stimulation frequencies (40 Hz and higher). Such striatal vasoconstriction is highly reminiscent of fMRI responses obtained during evoked nociceptive peripheral stimulation (Shih et al., 2009; Zhao et al., 2008) . The extent and magnitude of the DBS-evoked signals was greater at the SNr target compared to the GPe, and was also greater in the hemisphere contralateral to stimulation (although ipsilateral decreases were also observed with both DBS targets). Although it may be intuitive to interpret our data as DBSevoked neuronal inhibition, the situation appears to be particularly muddled in striatum, wherein dopaminergic neurotransmission has been hypothesized to induce vasoconstriction independent of direct activity changes within striatal neurons (Hsu et al., 2014) or regional metabolism (Shih et al., 2011) . In addition, striatal CBV decreases have previously been shown with heightened local neuronal activity, as observed in rats during noxious forepaw stimulation (Shih et al., 2009 (Shih et al., , 2014a , or epileptic slow-wave discharge (Mishra et al., 2011) . In light of these complexities, further work will be necessary to determine the underlying mechanism of striatal CBV decreases evoked during GPeand SNr-DBS.
The directionality of CBV responses was also perplexing in the basal ganglia output-receiving thalamic areas (e.g., ventral thalamus), which are modeled as receiving functionally antagonistic modulation by the GPe and SNr (Albin et al., 1989; DeLong, 1990) . The framework of this model, and the observation that electrical stimulation of the rat SNr generates GABA-mediated inhibition in ventral thalamus (MacLeod et al., 1980) , suggest that SNr-DBS should drive CBV signal decreases in ventral thalamus (and other nigral outputs) consistent with neuronal inhibition. Yet, we observed only positive CBV responses in thalamic Tables S1-S2 ) was determined using repeated measures analysis of variance across animals (rANOVA, p≤0.01 uncorrected, Δ Zcorrelation ≥0.10). Connections were grouped according to modulation direction (Enhanced: increased correlation; Suppressed: increased anti-correlation) and then two-sample t-tests (see Supporting Material: Table S3 ) were used to statistically compare stimulus conditions (Rest, 40 Hz, and 130 Hz, see Figure Key) . Data plotted as mean ± standard error of the mean (SEM). * denotes pair-wise significant (p < 0.001) differences. regions during DBS delivered at either the GPe or SNr. Among the many possible explanations for SNr-DBS evoked thalamic CBV increases are: 1) bona fide thalamic activity increases downstream of non-canonical nigral circuits; 2) "off target" circuit modulation due to the nonselectivity of electrical stimulation (discussed in Section 4.6, Limitations); and 3) neurovascular uncoupling mechanisms similar to as discussed for the striatal CBV signals. Future DBS-fMRI studies coupled with more selective stimulation modalities (e.g., optogenetics) and electrophysiological recordings will be necessary to distinguish between these possibilities.
3. Frontal cortical CBV increases evoked by GPe-DBS
One major unexpected finding in this study was the robust modulation of frontal cortical areas (including prefrontal and motor cortices) by GPe-DBS. Historically, the GPe has been viewed primarily as a basal ganglia relay nucleus with only indirect control over cortical activity (Albin et al., 1989; DeLong, 1990) . Very recently, however, two studies have identified a direct, ipsilateral projection from GPe to frontal cortex in mouse, rat, and monkey (Chen et al., 2015; Saunders et al., 2015) . The GPe neurons that make up this projection are GABAergic and express the GABA vesicular transporter (vGAT), with a large subset additionally being cholinergic (expressing choline acetyltransferase (ChAT)). This pathway innervates all layers of cortex, targeting both pyramidal cells and interneurons. Unsurprisingly, selective optogenetic stimulation of this pathway results in mixed patterns of modulation among frontal cortical neurons, with both inhibition and enhanced firing rates observed in vivo (Saunders et al., 2015) . As expected based on neurochemical makeup, selective stimulation of this projection is predominantly inhibitory for cortical neurons. However, given that this projection has been reported to biasedly innervate cortical interneurons, it is possible that distant inhibitory mechanisms result in enhanced cortical activity and vasodilatation. The robust modulation of frontal cortex by GPe-DBS observed in the present study may be the result of such pallido-cortical transmission, although the use of nonselective electrical stimulation precludes a definitive interpretation.
fcMRI
Complementing our evoked-fMRI findings, fcMRI measurements revealed frequency-dependent functional connectivity modulation by DBS at both targets. More specifically, we observed significant modulation of global functional connectivity (compared to baseline scans) with 130 Hz, but not 40 Hz, stimulation. This observed frequencydependence of DBS-induced fcMRI network modulation is perplexing in that robust circuit modulation (measured with evoked-fMRI) was observed at both 40 and 130 Hz DBS. It is not clear why 40 Hz DBS of the GPe or SNr was insufficient to significantly modulate fcMRI networks, however this finding suggests that fcMRI networks may be more rigid than evoked-fMRI circuits (although this interpretation is highly speculative). The GPe and SNr are both pacemaker nuclei, with some neurons exhibiting intrinsic firing rates as high as 50 Hz (GPe) and 80 Hz (SNr) (Abdi et al., 2015; Deniau et al., 2007) . It is possible that, given these relatively high intrinsic firing rates, exogenous stimulation by DBS may need to be employed at very high frequencies (e.g., 130 Hz) to override the normal network contributions of the GPe and SNr.
During GPe-and SNr-DBS at 130 Hz, both enhancements and suppressions in functional connectivity were noted between a wide number of brain regions, spanning large-scale functional and anatomical boundaries. Interestingly, compared to enhanced connections, suppressed (i.e. shifts towards negative connectivity) demonstrated much greater sensitivity to global signal regression. Increased sensitivity to "negative correlations" following GSR has been well documented in BOLD fcMRI studies (Yan et al., 2013) , therefore GSR may have similar effects on CBV-based connectivity. CBV-weighted functional connectivity has been shown to largely mirror BOLD-based connectivity in the rat (Magnuson et al., 2010) , though with lower overall connectivity strength and slightly different frequency spectra. Overall, functional connectivity studies using cerebral blood measures are still relatively scarce, and thus interpretations should be made with caution. This is particularly the case given that GSR remains a controversial topic in the BOLD fcMRI field (Murphy et al., 2009; Yan et al., 2013) , therefore we are hesitant to draw any major conclusions from the observed "suppression" effects. Nonetheless, it is important to note that suppressed connections were only detected after accounting for large-scale CBV-weighted changes.
Focusing on enhanced connections, the most robust effects were largely ipsilateral to the DBS target and demonstrated interesting patterns. Some spatial overlap between enhanced networks was observed, with the insula and zona incerta appearing in both DBStargeted networks (Fig. 6) . Consistent with the evoked responses, SNr-DBS enhanced connectivity involving the GPe and dorsal striatum (Table S1 ), however connectivity with the latter was not enhanced by GPe-DBS. This could be related to the fact that mixed (positive and negative) evoked responses were observed in the ipsilateral striatum during GPe-DBS, suggesting that more specific ROIs might be necessary to detect related functional connectivity modulation. Also of note, most enhanced connections did not directly involve the DBS target, but rather downstream and/or polysynaptic targets, particularly 'between' networks (Sensorimotor, Executive, and Limbic). The ability to manipulate functional circuits using exogenous sources, as demonstrated here, has the potential to elucidate unique relationships between evoked signals and functional connectivity changes, and their relationships in different disease models; however, further experimentation/ considerations are necessary, particularly in the context of GSR as outlined above. To our knowledge, this work provides the first example of electrical DBS-induced frequency-dependent functional connectivity modulation.
5. Translational relevance
High frequency DBS targeting select brain nuclei or fiber tracts is now routinely employed in clinical settings for the treatment of certain intractable neurological and neuropsychiatric disorders (Goodman and Alterman, 2012; Lozano and Lipsman, 2013) . The most prominent examples of successful DBS therapy are perhaps the targeting of the subthalamic nucleus (STN) or internal globus pallidus (GPi) for motor symptom alleviation in late-stage Parkinson's disease (Moro et al., 2010; Okun, 2012) . Given the dense interconnectivity of the basal ganglia, and the ability of DBS to modulate large-scale circuits and networks (Wichmann and Delong, 2011) , it is not surprising that other basal ganglia nuclei have emerged as promising targets for DBS therapy (at least for those diseases involving basal ganglia dysfunction). Indeed, both SNr-and GPe-DBS have been reported to alleviate motor signs in Parkinson's disease, with unique therapeutic profiles compared to STN/GPi-DBS (Chastan et al., 2009; Vitek et al., 2004; Weiss et al., 2013) . For example, in a small group of advanced Parkinson's patients with bilateral DBS lead implants targeted for the STN, but also reaching the SNr, it was reported that DBS isolated to the SNr-residing contacts selectively alleviated axial, but not distal motor symptoms (STN-DBS reduced both categories of symptoms) (Chastan et al., 2009 ). This result encourages further examination of SNr-DBS for the treatment of patients in which postural and balance deficits predominate (Fasano et al., 2015) . In this context, it is interesting to note that, in decerebrate cats, acute electrical stimulation of the pedunculopontine tegmental nucleus (PPTg) induced loss of postural tone that was rescued via conditioning electrical stimulation of the SNr (Takakusaki et al., 2004) . Thus, downstream modulation of the PPTg, also identified in our setup during SNr-(and GPe)-DBS (see Supplemental Figs. S6-S7), is an attractive candidate mechanism for DBS-induced alleviation of postural deficits. Similar to the case for the SNr target, GPe-DBS has yet to be extensively investigated for Parkinson's disease treatment, although an exploratory study of high frequency GPe stimulation in patients undergoing a pallidotomy procedure has confirmed DBS-induced motor symptom relief, including reductions in bradykinesia (Vitek et al., 2004) . There is also emerging evidence that SNr-DBS and/or GPe-DBS may be clinically useful beyond the treatment of Parkinson's disease; for example, recent animal and patient studies of SNr-DBS have shown promise for the treatment of epilepsy (Guo et al., 2014; Shi et al., 2006; Velisek et al., 2002; Wille et al., 2011) , whereas at least one case study has reported Tourette's syndrome symptom reductions during GPe-DBS (Piedimonte et al., 2013) .
Several findings in the present study may aid in the understanding of the neural mechanisms of GPe-and SNr-DBS therapy. Although GPe-and SNr-DBS have not been rigorously compared in the clinical setting, our findings suggest that both overlapping and distinct neural circuits may be modulated by these therapies. Among the most notable distinctions, ipsilateral prefrontal and frontal cortical areas were modulated to a far greater degree (as measured by evoked-fMRI) with GPe-compared to SNr-DBS. Given such profound differences in DBSevoked circuit modulation, distinct therapeutic and/or adverse clinical responses would not be unexpected between DBS applied at each target. Also of interest is the presence of bilateral striatal responses during DBS at both targets. Therapeutic DBS, even applied unilaterally, can often exert bilateral behavioral responses (Okun, 2012) , although the neural mechanisms underlying such response bilaterality are poorly understood. Our findings identify the contralateral striatal modulation as a candidate mechanism underlying bilateral clinical responses during both GPe-and SNr-DBS.
6. Limitations
Our study includes several limitations that are generally characteristic of preclinical fMRI-DBS experiments. The usage of anesthesia, as is commonly employed in preclinical fMRI experiments (Haensel et al., 2015; Krautwald and Angenstein, 2012; Lai et al., 2014; Min et al., 2012) , may alter the responsivity of neural circuits to the effects of DBS. One possible means by which an anesthetic effect may be evident could be in the stimulation strength threshold for detectable fMRI responses. Although not systematically tested at the SNr and GPe stimulation targets, in pilot experiments in which DBS was applied to the nucleus accumbens (but otherwise under similar experimental conditions to the present study), we were unable to reliably achieve evoked or functional connectivity fMRI responses with current amplitudes below 300 μA (Albaugh et al., 2016) . Thus, our DBS-fMRI experiments have generally relied upon higher amplitudes than those generally used in preclinical DBS studies in awake rodents (typically 100-150 μA) (Ewing and Grace, 2013; Hamani et al., 2014; Vassoler et al., 2008) , although higher amplitudes have been reported for studies in both awake and anesthetized states (McCracken et al., 2007; van Dijk et al., 2013) . We also note that the employed pulse duration of 500 μs is higher than that traditionally used in clinical DBS (in the approximate range of 60-100 μs), although longer pulse durations are not uncommon in DBS-fMRI animal studies under anesthetized conditions (Kim et al., 2013a; Min et al., 2012) . We postulate that relatively higher current amplitudes (i.e. 300 μA) may have been necessitated by the usage of anesthesia in our model or the sensitivity of our fMRI procedure. This in turn increases the possibility of "off-target" stimulation effects, due to current spread outside the anatomical boundaries of the target regions. Future studies may rely upon conscious animal imaging to tackle these potential limitations (Ferenczi et al., 2016; Ferris et al., 2006) .
With respect to our fcMRI experiments, DBS was employed continuously for 5 min durations-a stimulation length that has the potential to introduce drastic physiological changes. However, in our experiments, network responses to DBS appeared largely reversible, as the post-DBS period connectivity was qualitatively and quantitatively similar to pre-DBS. The network-level responses to continuous DBS are also interesting to study in the context of clinical DBS therapy, wherein continuously-applied stimulation may be used to correct pathological network activity (Okun, 2012; Wichmann and Delong, 2011) . Nonetheless, it may be beneficial in future DBS-fMRI studies to explore the use of interleaved DBS OFF-ON-OFF fcMRI paradigms with shorter stimulation periods.
The use of electrical stimulation for circuit mapping may be viewed as either a strength or weakness in the present study; it is highly translationally-relevant in the context of clinical DBS therapy, yet comes with limitations of circuit recruitment specificity.As suggested above, electrical stimulation may be prone to off-target circuit recruitment, and may present another limitation to the present study. Electrical stimulation is capable of recruiting fibers of passage, and current may also spread beyond the anatomical boundaries of the target region; in either instance, "off-target" areas may be recruited by DBS. An additional, related point concerns the directionality of connectivity between the DBS target region and other modulated areas. Because DBS can recruit connected brain areas through both orthoand antidromic signal propagation across fibers (Grill et al., 2008; Li et al., 2012) this approach to functional circuit mapping cannot readily distinguish between up-and downstream circuit elements. The use of opto-and/or pharmacogenetic tools should provide a more precise means for functional imaging-based circuit mapping (Ferenczi et al., 2016; Lee et al., 2010; Michaelides et al., 2013) , although at the likely expense of translational relevance in the context of therapeutic DBS in clinical settings.
Conclusions
This study implemented a simultaneous DBS-fMRI approach to investigate the functional connectivity of the GPe and SNr, the two major striatal output nuclei. Through their roles in the basal ganglia loops, these regions have a diverse number of functional roles in cognition, motor control, and emotional processing. As demonstrated here and elsewhere, DBS-fMRI provides a global perspective of a brain region's functional connectivity profile, ultimately allowing for the identification and characterization of novel circuit connections. In the present work we identified, among other results, DBS-evoked negative fMRI signals in the bilateral striatum, as well as frequency-dependent, large-scale functional connectivity changes. Broadly, our work contributes to a growing literature demonstrating functional connectivity of the striatal outputs outside of canonical thalamic relay connections. Further, the inclusion of high frequency stimulation in our DBS experiments facilitates a translational perspective on our connectivity maps, as high frequency DBS at the GPe or SNr has demonstrated therapeutic benefits in certain neurological disease states (e.g., Parkinson's Disease).
